Nanostructured TiO 2 was synthesized by the sol-gel method. The titania was supported on nanoporous poly (styrene-co-divinylbenzene) (PS). The samples were characterized by several techniques (scanning electron microscopy, energy-dispersive spectroscopy, X-ray diffraction, and ultraviolet-visible spectroscopy). Three types of TiO 2 samples were prepared using various temperatures and were studied for the photocatalytic degradation of methylene blue. The photocatalytic efficiency of TiO 2 was observed to increase by activating the TiO 2 surface using nanoporous PS. The photocatalytic performance of the synthesized samples showed a higher performance using molecular O 2 , which was purged through the reactor.
Background
The photocatalytic activity of TiO 2 is widely used in many fields, such as microorganism disinfection [1] , medical treatment [2] , environmental purification [3] , and photovoltaic cells [4, 5] . It was reported that the physical characteristics of TiO 2 , including crystallization, grain size, morphology, specific surface area, surface state, and porosity influence the photocatalytic activity of TiO 2 [6] [7] [8] . TiO 2 can be synthesized into various shapes, e.g., nanoporous materials, nanoparticles, nanowires, nanorods, nanotubes, and nanofibers using different preparation methods, e.g., sol-gel, hydrothermal, solvothermal, microemulsion, and vapor deposition [9] [10] [11] . Following this advancement, TiO 2 plays an important role as a photocatalyst in many applications, such as fog proof and self-cleaning textiles, antibacterial textiles, antiviral textiles, self-cleaning glass, and water treatment, including dye removal from industrial wastewater [12] [13] [14] [15] . Photocatalytic oxidation is one of the most promising techniques used in the remediation of organic micropollutants because it is highly efficient in mineralization using sunlight as an energy source [16] . TiO 2 nanoparticles are effective for the photocatalytic degradation of various organic contaminants in water. However, its practical use is difficult for filtration and the recovery of small TiO 2 particles [17] . TiO 2 has proven to be an excellent photocatalytic material, which undergoes complete mineralization under UV exposure [18] . Redox reactions of environmental interest are initiated on a TiO 2 surface by trapped electron holes following bandgap excitation. Significant effort has been made in the last 20 years to modify TiO 2 particles, which can be activated under visible light irradiation (λ > 400 nm) [19] . Titanium dioxide has been extensively used, either as a thin film or as a submicron powder, in electronic or optical devices as well as in pigments or catalysts. The photocatalytic activity of TiO 2 can be improved by using it as carbon, carbon nanotubes, fullerenes, or graphene composites to enhance the photocatalytic activity as opposed to using TiO 2 alone [20] [21] [22] [23] . It was previously reported that the incorporation of nanoporous poly(styrene-co-divinylbenzene) (PS) during the synthesis of TiO 2 has positive effects on surface morphology [24] .
In the present study, TiO 2 powders were synthesized from titanium isopropoxide, Ti(O-C 3 H 7 ) 4 (referred to hereafter as TIP), in the presence of nanoporous PS, at room temperature and atmospheric pressure. Under such conditions, nanosized particles (20 to 60 nm) are partly crystallized in the anatase phase. The aims of our study are (a) to enhance the activity of the surface sites using PS as a support, (b) to check the photocatalytic activity of synthesized TiO 2 using methylene blue (MB), (c) to investigate the photocatalytic reaction kinetics using molecular oxygen that passes through the reactor, and (d) to investigate the photocatalytic degradation kinetics using several mathematical models. The addition of molecular oxygen in the photocatalytic reactor increases the degradation performance over that observed in the absence of oxygen in the reactor. The solution contains some dissolved oxygen that can also interact with TiO 2 under illumination. However, superior activity is observed through the addition of excess oxygen. This photocatalytic degradation method is novel because a stream of natural air is passed through the reactor in order to increase the reaction rate. The photocatalytic activity of nanocrystalline TiO 2 modified with PS was prepared using a one-step sol-gel process and monitored by measuring the photocatalytic degradation of absorbed MB. This was compared to that observed using P25.
Methods

Materials
All graded chemicals, titanium(IV) isopropoxide (Ti(O-C 3 H 7 ) 4 ), methylene blue (Merck, Darmstadt, Germany), 2-propanol (Sigma-Aldrich, St. Louis, MO, USA), and poly(styrene-co-divinylbenzene) were used as received. The cross-linked PS used in these experiments is a copolymer resin commercialized by Aldrich in the form of 300-to 800-μm beads. The polymer presents a BET surface area of 1,000 m 2 g
, as evaluated by N 2 adsorption at 77 K, and a pore size distribution centered at approximately 16 Å [25] . The water was double distilled and produced in our laboratory. P25 (Degussa Germany) was used as a standard photocatalyst material (TiO 2 ) throughout this study.
Synthesis of TiO 2 supported on PS using the sol-gel process Nanostructured TiO 2 was prepared using sol-gel chemistry methods. The synthesis reactor consists of a three-necked round-bottom reactor flask equipped with a vertical condenser fitted to the middle neck. A separatory funnel was connected to one of the two side necks. Deionized water (12.24 ml) was added slowly to 51.19 ml of isopropanol under vigorous stirring for 20 min.
After adding TIP, isopropanol, water, and nanoporous PS (2 g) were added to the bottle, and the solution was vigorously stirred for 24 h. Another batch was prepared following the previous steps with the exception of PS. Following a 24-h period, the solvent was dried using a vacuum evaporator and the white powder was calcined at temperatures of 450°C, 550°C, and 650°C in an electric muffle furnace (JSMT-30T, JEOL Ltd., Seoul, South Korea). The photocatalytic performance has been compared with that of P25 as the standard photocatalyst.
Characterization techniques
Scanning electron microscopy (SEM) was performed using a Hitachi S-4800 field emission scanning electron microscope (Hitachi Ltd., Chiyoda-ku, Japan) operated at 3 kV to characterize the TiO 2 nanostructure. Energy-dispersive spectroscopy (EDS) spectra were recorded using a highresolution transmission electron microscope (TEM), JEOL 2010, operated at 200 kV and equipped with an EDS microanalysis system (Oxford Instruments, Abingdon, UK).
The X-ray diffraction (XRD) patterns were obtained using a Bruker D-5000 diffractometer (Bruker AXS, Inc., Madison, WI, USA) equipped with Cu Kα radiation with a wavelength of 1.5418 Å. The accelerating voltage and the applied current were 45 kV and 40 mA, respectively.
Photocatalytic experiment
The photocatalytic activity of titanium dioxides was studied by exposing the TiO 2 sample, which contained a dye such as MB, to solar-like conditions. For photocatalytic reactions, the irradiation was carried out in a solution at 308 K, using a SOL 21500 lamp (SOL, Inc., Palm City, FL, USA). The SOL bulb yields a spectrum very similar to that of the natural sunlight ranging from ultraviolet to infrared radiation (approximately 295 to 3,000 nm). For this purpose, an aqueous solution (0.05% w/v) of reagentgrade MB was prepared for the impregnation of reference and synthesized TiO 2 . The same amount (0.5 g) of each TiO 2 sample was inserted under very mild stirring in the same amount of solution (50 ml) and remained there for 2 to 3 min to complete the mixing. The solution was then placed under the solar-like light (50 to 60 mW/cm 2 ). Continuous stirring (200 rpm) and natural air flow (50 ml/min, 20 vol.% oxygen) were maintained during the photocatalytic reaction. The gas was passed underneath the reactor using a porous filter media (mesh size, 200), which dissipates the gas molecules (0.027 g O 2 min −1 g −1 TiO 2 ) to the MB solution. The photocatalytic decomposition reaction was monitored with an ultraviolet-visible (UV-vis) spectrophotometer (UV-1650, Shimadzu Corporation, Nakagyo-ku, Kyoto, Japan) in the transmission mode by investigating the evolution of the absorbed MB band upon light exposure.
Degradation-diffusion kinetics
Four kinetic models were used to investigate the data that were obtained during the photodegradation of the catalyst [26] [27] [28] :
1. The zero-order model describes the photocatalytic kinetic process and can be generally expressed as
2. The first-order model expresses the photocatalytic degradation rate which is dependent on the amount of MB in the TiO 2 matrix and can be written as
3. The parabolic diffusion model elucidates the diffusion-controlled photodegradation of MB on the TiO 2 surface. The equation can be written as
4. The modified Freundlich model explains experimental data on molecular ion exchange and diffusion-controlled processes using the following equation: In these equations, C 0 and C t represent the concentration of MB in the system at time 0 and t, respectively, k is the corresponding reaction rate constant, and a and b are fitting parameters whose chemical significance are not clearly resolved [29] .
Results and discussion
SEM and EDS analyses
Field emission SEM images of the synthesized TiO 2 nanoparticles prepared using the sol-gel chemistry method are shown in Figure 1a ,b. Figure 1a ,b shows the TiO 2 synthesized without and with support of PS, respectively. Figure 1a shows that the TiO 2 aggregates are lumped together along with a portion of lose particles attached together, while Figure 1b shows a general porous structure with a large number of pores of very small dimensions. This feature suggests that the porous nature of PS-supported TiO 2 potentially results in a high surface area and preferentially enable the particles to adsorb organic molecules [30] or pollutants adhered to the surface [31, 32] . However, the morphology of the PS-supported TiO 2 matrix shows the uniformity of the aggregates that consist of individual particles in the nanoscale range, in agreement with XRD analysis (vide infra). EDS was performed by TEM analysis (figure not shown for the sake of brevity). Each element is distinctly identified on the resulting spectrum. Figure 2 shows that the matrix consisted of only titanium (Ti) and oxygen (O). This implies that the synthesized nanostructured TiO 2 is free of contaminants.
XRD analysis
The XRD patterns of synthesized TiO 2 calcined at 550°C are in Figure 3 (curves a and b) . Curves a and b report three broad peaks and one intense peak at 37.95°, 47.68°, 54.31°, and 25.19°, respectively, which constitute the XRD pattern of the anatase phase of TiO 2 [12] . No additional peaks belonging to rutile phases were observed. The widths of the peaks associated with the TiO 2 phase suggest that the size of the particles is quite small. From the full width at half maximum (FWHM) of the peaks at 25.1°and 38.01°and using Scherrer's equation, L c = Kλ/(β cos θ) [33] (where λ is the X-ray wavelength, β is the FWHM been assumed to be 0.9), an average particle size of approximately 3 to 5 nm is calculated. In addition, the PSsupported TiO 2 shows a particle size of approximately 3.5 nm, which is indicative of a large surface area and is consistent with the SEM analysis described above.
Photocatalytic performance
The photocatalytic activity of TiO 2 nanostructures was carried out at room temperature using solar-like radiation. To compare the photocatalytic activity, the same concentration and conditions were maintained during the experiment. The spectra were collected for the prepared TiO 2 samples calcined at different temperatures. The UV-vis spectra obtained in solution before (curve i) and after illumination (curves ii to vii) are reported in Figures 4 and 5 . Figure 4 shows the photocatalytic activity of TiO 2 toward MB, while Figure 5 shows the photocatalytic activity of the TiO 2 synthesized with support of PS towards MB. The spectra show the consequence of the photocatalytic degradation of MB using a batch reactor under solar-like light conditions having a maximum absorbance at 664 nm.
From Figures 4 and 5 , it can be observed that the complex absorption band in the 500 to 700 nm (20,000 to 12,000 cm ) interval due to the presence of MB changes rapidly because dispersed TiO 2 particles promote catalytic photodegradation (curves i to vii). According to the published literature [12] , the bands at 600 nm (16,400 cm ) are assigned to monomer and aggregates, respectively, the latter to dimeric and trimeric MB species (Figure 6 ). Under light exposure, the aggregates or dimers and trimers of MB disappear first, followed by the monomeric species. Figure 7a ,b,c shows that the photocatalytic degradation of the sample calcined at a temperature of 550°C performs better on MB than those of the samples treated at 450°C and 650°C. It should be noted that the sample calcined at 450°C has a certain portion of hydrogen titanate, while the sample calcined at 650°C contains a higher concentration of TiO 2 in the rutile phase [34] , which are less efficient in photocatalytic degradation of organics ( Figure 7) . Among them, the sample supported on PS and calcined at 550°C shows a better performance on the photocatalytic degradation of MB which possibly is indicative of high surface area, which could possibly be associated with a larger number of active surface sites, produced during the combustion of supported PS with TiO 2 . This observation is in agreement with SEM and XRD analyses. This sample shows a similar photocatalytic behavior in comparison to P25 that is the most effective photocatalyst (vide infra). Four types of degradation kinetic models (zero-order, first-order, parabolic diffusion, and modified Freundlich model) are applied and calculated at the corresponding linear correlation coefficients (R 2 ) ( Figure 8 ; Table 1 ). Here, the zero, parabolic diffusion, and modified Freundlich models are not suitable to explain the entire system, clearly the data points that do not form a straight line (Figure 8a,c,d ). The other model indicates a better fit (Figure 8b) . The correlation coefficient lies between 0.552 and 0.932 for the zero-order, parabolic diffusion, and modified Freundlich models, while for the first-order model, they are between 0.983 and 0.987. These data indicate that the first-order model fits the experimental photodegradation data quite well. A detailed examination of the data point distribution in Figure 8 suggests that the entire photocatalytic degradation process consists of monolinear models. This result suggests that (1) the system is adsorption-desorption-controlled and (2) the photocatalytic degradation is occurring at the TiO2 surface. Figure 9 shows the photocatalytic degradation kinetics of MB using an oxygen flow to the reactor. The photocatalytic activity of the different samples compared to that of the control experiment (Figure 9 , dotted line), which was performed in the absence of TiO 2 and oxygen, confirms that our catalysts are capable of photocatalytic degradation. Figure 9 shows that photodegradation of MB without the presence of any TiO 2 catalyst is negligible. Notice that using the additional oxygen flow, the MB molecules degrade at least three times more rapidly than that of the photocatalytic system carried out without oxygen flow (Figures 7 and 9) . It is known that the degradation of stains by a UV/TiO 2 process proceeds in the presence of a humid atmosphere [12] . Probably, the dissolved oxygen supplies the oxidant required for the preferred photocatalytic reaction. These results suggest that the stain molecules are favorably degraded under solar-like light on the TiO 2 surface in the presence of oxygen molecules.
The illumination of TiO 2 under ultraviolet light changes the energy state of electrons from the valence band to the conduction band to give electron-hole pairs. The holes at the TiO 2 valence band can oxidize water or hydrolyze to produce hydroxyl groups. The hydroxyl radical is a powerful oxidizing agent that attacks organic compounds forming intermediates (I). These intermediates react with hydroxyl radicals to produce the final product (P). Hydroxyl radicals can also be consumed by inactive species [35] [36] [37] :
:OH ads þ MO ads → I ð8Þ
In addition, we can arrange the photocatalytic reaction to proceed by an additional reaction as follows:
The presence of molecular oxygen speeds up the potential reactions of photon energy conversion to active species which take part sustainably in organic/stain photodegradation [38] . Photocatalytic reactions in the solid or liquid phase should contain either adjacent gaseous or dissolved oxygen, respectively, to complete the photodegradation process. This phenomenon is in agreement with the dependence of the photodegradation ability of the TiO 2 conduction band with the LUMO level of the adsorbed molecule (band alignment) which has already been observed [10, 12] . From these data, it is evident that (1) supported PS particles promote the photocatalytic activity of TiO 2 synthesized using the sol-gel process and (2) the high surface area associated with the small particle size ensures a favorable condition for rapid degradation. Four types of kinetic models (zero-order, first-order, parabolic diffusion, and modified Freundlich model; Figure 10 ) are also applied and calculated at the corresponding reaction rate constant and linear correlation coefficient (R 2 ; Table 2 ). Here, the zero-order model is not suitable to explain the entire system, which is reflected by modeling data that do not form a straight line (Figure 10a) . The other three models fit the data much better (R 2 = 0.974 to 0.990; Figure 10b,c,d) . A detailed examination of data point distribution in Figure 10 suggests that the whole photocatalytic degradation process consists of monolinear modeling. The modified Freundlich model describes heterogeneous diffusion from the flat surfaces to the solvent using a composition gradient. This result suggests that (1) the system is adsorption-desorption -controlled and (2) the photocatalytic degradation of the dye molecules are occurring on the TiO 2 surface before leaving (desorption) the surface patches [39] [40] [41] . Table 2 shows the photocatalytic degradation performance of the photocatalyst on MB with the presence of solar-like light and controlled air supply. The photocatalytic The lower degradation rate constant in synthesized TiO 2 in general could be due to scattering phenomena, where active sites on the surface of the catalyst do not bring more electron-hole pair generation and therefore a decrease in the degradation rate occurs [42] . It can be concluded that TiO 2 synthesized on a PS support follows a first-order photocatalytic MB degradation, and the reaction rate (k first-order = 0.0206 and k modified Freundlich model = 0.38394) is greater for the system in which molecular oxygen is supplied as an additional oxidant for photoenergy conversion.
Conclusions
Nanostructured TiO 2 has been synthesized using a sol-gel chemistry method with the support of nanoporous PS. The photocatalyst shows better performance when additional molecular oxygen is supplied during the photocatalytic degradation process. It can be concluded that the photocatalytic reaction could be forwarded with a higher rate of reaction and photodegradation performance by supplying oxygen (O 2 ) molecules to the solution. These results demonstrate that the TiO 2 synthesized could be sustainably used for the treatment of industrial wastewater, especially that which contains organic dyes, to protect the environment.
